Abstruct-Three 70 mm aperture 1-meter superconducting quadrupole magnets for the LHC low$ insertions have been designed and built in collaboration between CERN and Oxford Instruments. These magnets feature a four layer coil wound from two 8.2 mm wide graded NbTi cables. In this paper we present the results from the tests at 4.4 K and 1.9 K of the third quadrupole (Q3), with an emphasis on studies concerning quench protection. After a summary of Q3 training in three thermal cycles, quench velocities, peak temperatures in the two superconducting cables and the performance of the layer strip heaters are reported.
I. INTRODUCTION
The CERN-Oxford quadrupole program was started in the early 1990's, with the initial goal of developing a 70 mm aperture high gradient quadrupole operating at >200 T/m in superfluid helium, required for the LHC low-f3 triplets [l] . The quadrupole coils have also been designed to function in a twin aperture configuration (MQY), with a nominal operating gradient of 160 T/m at 4.5 K [2] . A number of such magnets will be required in the LHC experimental insertions IR1 and IR8, which are combined with injection into the two rings, in the dump insertion (IR6), and in all other cases where the 5 6 m m nominal aperture of the LHC insertion quadrupoles may be a limiting factor. The experience gained with the 8.2 mm cables opened the possibility for other low current insertion quadrupoles. In the present LHC version 6.0, a number of 56 mm aperture quadrupoles wound with the outer 8.2 mm cable (MQM) are foreseen as individually powered units in the dispersion suppressors and matching sections.
To date, three 70 mm aperture 1-meter quadrupole magnets (Ql-Q3) have been built and tested. The test of the highly instrumented 4 3 magnet is of vital interest for the MQY and MQM programs, particularly in the area of quench protection.
DESIGN FEATURES
Details about the conductor, collar, iron yoke and magnet construction have been described elsewhere [ 11. The coil has 4 layers, made of two graded conductors. The transition between the conductors is made in layer 2, with layer 1 being closest to the aperture. The inner conductor (Type I) has considerably more superconductor per cross sectional area than the outer layer conductor (Type 11). After the tests of the first quadrupole Q1 [2] , it was found that the peak temperature in the outer conductor was high, as much as 450 K during a quench at 80 % of the conductor limit. As a result, the copper-to-superconductor ratio of conductors used for 4 2 and 4 3 was modified from 1.3 to 1.2 for Type I and from 1.3 to 1.7 for Type I1 conductors.
In all four quadrants there are spot heaters located in the pole turns of layers 1 and 3 and in the middle of layer 2.
These spot heaters are used for protecting the magnet during training, as well as for detailed studies of the quench protection system. For the layer 1 and 3 spot heaters, two quadrants of the magnet were instrumented with voltage taps to measure peak temperature and quench velocities. Another important feature of Q3 is the protection strip heaters. These heaters are located in two radial positions: the inner heaters are between layers 2 and 3, and the outer heaters are located radially beyond layer 4. Both the inner and outer positions have 4 heaters, each heater covering approximately 1/2 of two azimuthally adjacent coils.
EXPERIMENTAL PROCEDURE
The measurements were performed in three test periods, separated by a thermal cycle in which the magnet was warmed to room temperature. The first test was performed in Oxford Instruments in the Autumn of 1997. The 2nd and 3rd tests were performed at CERN in the Spring 1998.
At both facilities the magnet was tested in a vertical cryostat capable of supplying liquid helium at atmospheric pressure and temperatures ranging from 1.8 K to 4.5 K. Current was supplied by an external DC power source, with an energy extraction circuit (dump resistor). Magnetic measurements were performed through four longitudinal sets of cold radial rotating coils.
The test program had several objectives. First, the quench performance was studied in superfluid and normal liquid helium. Second, strip heater and spot heaters were used to study the heater protection efficacy at various excitation currents for comparison to model predictions. Lastly, magnetic measurements were performed at several times during the test campaign. These studies, recently reported in [3, 4] , demonstrate that the field errors and transfer function are in line with expectations from construction errors and do not show any systematic change during the tests. A detailed study of the 4 3 training as well as a comparison of 43 training with the two previous magnets has been reported in [3, 4] . To summarize, the magnet exhibited slow training during the first thermal cycle (test l), but performed well during 1.9 K training, reaching -95 % of the conductor limit. Test 2 started by training the magnet at 4.4 K, where the magnet reached the quench plateau in 4 quenches. The quench level appears to be conductor limited, as the linear variation of quench current with temperature within a 150 mK range is consistent with prediction. During training at 1.9 K in test 2 the magnet reached a quench plateau in 3 quenches. In the quench plateau established in test 3 the level was somewhat erratic, with a typical quench to quench variation of 20 T/m, but the magnet reached its short sample gradient of 260 T/m. Most of the quenches occurred in the Type I1 conductor of layer 2, within 1-2 turns of the Type 1-11 transition. Several quenches were performed at this temperature to study the strip heater quench protection. Finally, the magnet was warmed to 4.4 K to verify that it had retained its training.
During one of the test cycles, the quench current ramp rate dependence was measured at 4.4 K and 1.9 K. We observed very little degradation below 50 Ns, a ramp rate which is well above the anticipated ramp rate for LHC operation. For MQY and MQM quadrupoles, strip heaters are envisioned as the primary means of protecting the magnet. The effectiveness of this system depends on several parameters, in particular on how quickly the resistance develops after heater firing and on how it propagates in the magnet. Studies were performed to determine the strip heater delay times, quench velocities and peak temperatures from spot heater induced quenches where the strip heaters are used for magnet protection. The results of these studies are compared to prediction.
A. Strip Heater Time Delay
The heater delay time is defined as the time from firing the strip heaters to the initiation of resistive voltage in the adjacent coil. The strip heater peak power density was set to approximately 20-25 W/cm2, which has been shown in the past to be an effective level in superfluid helium for NbTi magnets with similar insulations [ 5 ] . The strip heaters were fired by manually activating the discharge of the heater firing unit capacitors. Once the quench was detected, the power supply was phased off, the spot heaters fired and the dump resistor enabled. The discharge start time was inferred from the inductive voltage pickup from the corresponding coils, and the heater delay time for each coil determined on the basis of the quench starting time.
The results are summarized in Fig. 2 . As each coil layer is adjacent to 4 strip heaters, the average delay time is reported. The typical delay rms is 5 ms at the highest current, and 10 ms at the lowest current. The measured heater delays are very encouraging, especially at the lower excitation end. Outer and inner layer heaters have essentially the same response times and appear to work equally well in both normal and superfluid helium. An interesting result is that firing the inner layer heaters (located between layers 2 and 3 of the coil) was not effective in initiating quenches in layer 3. Resistive voltage in these segments was difficult to observe which could be due to the fact that there is a layer of plastic strips (fishbone) between the heater and layer 3. This extra layer of insulation and the increased helium volume appear to hamper the heaters both in normal and superfluid helium.
B. Quench Velocity Studies
At selected excitation currents, quenches were induced from spot heaters in layers 1 and 3 and the resultant voltage growth was measured using adjacent voltage taps. The voltage taps were placed so as to measure longitudinal, radial and turn to turn quench propagation. Because of problems with the magnet wiring, the radial and turn-to-turn voltages were difficult to measure and are not reported.
Once the spot heater induced quench was detected, the power supply was turned off promptly and the strip heaters were fired after a 20 ms delay. Because of the additional delay between strip heater firing and resistive voltage growth there was a 30-100 ms window for the quench velocity to develop before being obscured by other voltage sources. Once the 100 mm segment adjacent to the spot heater became resistive, the voltage front propagated into the adjacent downstream segment. Here, the rate of resistance growth (dWdt), corrected for magneto-resistance, was a measure of the quench growth rate. The time-of-flight (TOF) to traverse the 580 mm straight section gave the average quench velocity.
A summary of quench velocities using the TOF method is shown in Fig 3. As expected, the quenches in layer 3 (Type I1 conductor) are faster than those in layer 1 (Type I), since the peak fields are similar yet the heat capacity of the Type I conductor is significantly larger. At 1.9 K, the quench velocities are slower as expected due to the increased temperature margin at a given excitation current. The quench velocities are comparable to the velocities measured in Q1 using the layer 2 spot heater in a Type I1 conductor [ 2 ] .
Also shown in Fig. 3 is a comparison of quench velocities using the TOF and dWdt methods for layer 3 quenches at 4.4 K. Quench velocities agree well at low and high currents. At the intermediate currents, the quench cannot be easily characterized by a single constant velocity. There appear to be two velocity regimes, a "slow regime" lasting of the order of milliseconds, followed by a constant but faster quench velocity. This effect is most pronounced at 3300 A, where the "slow" and "fast" quench velocities are 16 and 75 m/s respectively, with the distance weighted average velocity being in agreement with the TOF velocity. For data taken in superfluid helium, the quench acceleration was also observed but with a smaller difference between the two regimes. 
C. Peak Temperature
The peak temperature of the coil corresponds to the temperature in the superconducting cable adjacent to the spot heater. This temperature is inferred from the voltage in this segment, the magnet current and the room temperature resistance of the cable.
The measurements are identical to the quench velocity studies except that the strip heaters are fired promptly on quench detection. The results are summarized in Fig. 4 . For Type I1 conductor at 4.4 K, only the outer heaters were used. This configuration yields a "worst case" situation, with only a slightly higher temperature. Note a significant difference between the Type I and Type I1 conductor performance. As expected, the peak temperatures in Type I1 conductor are much higher than in Type I in a similar magnetic field. The strip heater firing dominates the resistance growth, so the larger quench velocity in Type I1 conductor hardly influences the peak temperature at these excitation currents. The highest peak temperatures are significantly lower than the 450 K measured in Q1, which used a less favorable copper-tosuperconductor ratio for the outer conductor and spot heaters instead of strip heaters for quench protection [ 2 ] .
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The results of peak temperature measurements can be compared to predictions. First of all the peak temperature can be predicted from the MIITs, which is the measured time integral of the square of the excitation current. Under adiabatic conditions, this relationship depends on the magnetic field and cable properties and not on the details of the magnet geometry and quench evolution. The results for To take this comparison one step further, the quench evolution of the 43 magnet was simulated using the Quaber program [6] .,The program was used to simulate the quench growth due to spot heater induced events. The MIITs and peak temperature for each conductor type were calculated and are compared to the measurements. As can be seen in Fig. 5, there is a very good agreement between the model and the measured peak temperatures for currents up to about 4500 A . For higher currents, other phenomena like quench-back, which have not been taken into account in the model, act to reduce the measured peak temperatures by -20 % with respect to predictions. However, it trained quite well at 1.9 K, contrary to the experience with other magnets. On the second cycle, performed several months later, the magnet showed a certain degree of "memory" as it trained in few quenches to above its design gradient. On the third cycle, performed after a few days, the magnet fully retained its trained state, and reached its short sample gradient of 260 T/m at 1.9 K. The protection strip heaters worked equally well at 4.4 K and 1.9 K, with delay times of 10-15 ms for high and 70-80ms for low currents. The spot heaters were used successfully to measure peak temperatures, which compare well to predictions based on the MIITs. Based on these studies, we conclude that the magnet safely absorbs its own energy in all conditions, with peak temperatures below 300K. For 4.5 K operation, it appears quite likely that the outer layer of heaters alone will be sufficient to protect the magnet.
Quench velocities were systematically measured in both conductor types, with good correspondence between measurements based on time-of-flight and resistance growth. The velocities measured at 4000 A range from 20-25 m / s at 1.9 K, and 80-100 m / s at 4.4 K. Evidence of "slow" and "fast" quench propagation regimes was observed, with the two velocities differing by as much as a factor of 4-5. 
